The aim of this study is to compare the graphene produced using a biotechnological method (Escherichia coli) with the graphene produced by Hummers' method (a chemical method) and to study the effect on the energy consumption and environment. The results indicated that the chemical reduction process has higher energy consumption, approximately 1642 Wh, than the energy consumption of the biotechnological reduction process, which is 5 Wh. The potential of global warming (GWP 100) improved by 71% using the biotechnological route for the production of graphene. Abiotic depletion, the photochemical ozone creation potential, and marine aquatic ecotoxicity potential were improved when the biological route was employed, compared with the chemical route. The eutrophication potential, terrestrial ecotoxicity, and ozone depletion layer changed very little since the main variables involved in the production of graphene oxide and waste management are the same. The biotechnological method can be considered a green technique for the production of graphene, especially given the reduction in the negative effects on global warming, abiotic depletion, the photochemical ozone creation potential, and the marine aquatic ecotoxicity potential.
Introduction
Graphene, which is a two-dimensional, single-layer sheet of sp 2 hybridized carbon atoms, is very important for technology due to its excellent physical and chemical properties, including its electronic conductivity, thermal stability, and very good mechanical characteristics [1] . Graphene-related materials, which are available in other forms including graphene oxide (GO), reduced graphene oxide (rGO), and exfoliated graphite, have been used in many applications. Their excellent characteristics, ease of processability, and ready functionalization have increased the applications related to these materials, including use in electronics, photonic devices, clean energy, and sensors [2] .
There are also increasing uses of graphene in bioscience and biotechnology; for instance, the use of graphene in biosensors [3, 4] was reported in the literature. The mass production of these materials is highly needed in modern society. To convert GO to graphene, chemical oxidation and subsequent exfoliation of GO are used as a common method [5, 6] . However, the chemical reduction of GO can involve toxic chemicals and harmful vapors [7] . Thermal reduction is another method for reducing GO, but it is very complex because of the high energy used in this process. Environmental or economic concerns become critical when these two approaches are used for production of graphene on a large scale [7] .
Recent reports showed that GO acts as a terminal electron acceptor for bacterial organisms, in which the reduction of GO is made possible by microbial effects in the breathing process or during electron transport (the electron transfer process between bacteria and GO) [6] . Microbial reduction of GO offers an alternative way to produce graphene that is rapid, cheap, and environmentally friendly [8] . The effects of graphene preparation methods on the environment can be studied by the life cycle assessment (LCA) method. The LCA method is used to measure the environmental impacts, identify the products, and also compare the impacts of different processes. Environmental assessment of nanomaterials is conducted using LCA and some of the LCA reports are 2 Journal of Nanomaterials available in the literature for other carbon nanomaterials [9, 10] . An environmental perspective comparison of the two graphene production routes, (1) chemical reduction and (2) ultrasonication, was performed by Arvidsson et al. [9] . They concluded that the energy use and blue water footprint were approximately doubled using the chemical reduction route compared to ultrasonication, while the human toxicity of ultrasonication had the largest impact. Both routes have the same ecotoxicity impact.
In this paper, a comparison of the following two lab scale methods used for graphene preparation is presented: (1) the chemical reduction method and (2) the biotechnological reduction by Escherichia coli (E. coli). These two methods are applied to produce graphene via the reduction of GO. The comparison takes the following factors into consideration: (1) the properties and (2) the environmental impact of the two methods.
Experimental

Materials.
Graphite powder (50-micron size), sulfuric acid, potassium permanganate, hydrogen peroxide, and sodium nitrite were purchased from Sigma-Aldrich for the synthesis of graphene. Distilled water was used throughout the experiment. The microorganism strain of E. coli (ATCC 11632) was used for the biotechnological reduction method of GO.
Methods
Preparation of Graphene Oxide (GO)
. GO was prepared from natural graphite flakes using modified Hummers' method [9] . In brief, graphite (3.0 g) was added under stirring at room temperature to concentrated H 2 SO 4 (70 mL). Then, NaNO 3 (1.5 g) was added to the mixture. The mixture was cooled to 0 ∘ C. KMnO 4 (9.0 g) was added slowly under vigorous agitation to ensure that the temperature of the suspension was lower than 20 ∘ C. Subsequently, the mixture was stirred at 35 ∘ C for 2 h. Distilled water (150 mL) was added to the mixture, and the solution was stirred at 90 ∘ C for 15 min. An additional 500 mL of distilled water was added to the mixture, and then 15 mL of H 2 O 2 (3% volume) was added. Filtration and washing with a 1 : 10 HCl aqueous solution (250 mL) were performed to remove the metal ions, and distilled water (200 mL) washing was carried out to remove the acid. The obtained solid was dried in air and then diluted to produce GO aqueous dispersion (0.5 wt.%). Sonication was used for the dissolution of 1 g of the dried GO in 20 mL of deionized water to obtain yellow homogeneous dispersion.
Reduction of GO by Chemical Reduction.
In total, 40 L of hydrazine hydrate (HH) (reducing agent) was added to the GO solution. This solution was placed inside a conventional microwave. We used the microwave at full power (1000 W), 2.45 GHz, with 30 s cycles (for 10 s, off, and stirring for 20 s) for 60 seconds in total, which was the total reaction time. The yellow dispersion of GO changed to a black color, which indicates that the chemical reduction to graphene occurred.
A centrifuge was used to separate the graphene sheets, which was operated at 5000 rpm for 15 min. Following centrifugation, the sample was dried overnight under vacuum.
Bacterial Cultures and Graphene Reduction
Using the Biotechnological Method. All glassware and samples used in the biotechnological method were sterilized by autoclaving at 120 ∘ C for 15 min. Bacteria were cultured on a nutrient agar plate for 24 h at 37 ∘ C. E. coli bacteria were inoculated from frozen stocks into nutrient broth (NB), and the bacterial cultures were grown overnight at room temperature. To remove all traces of NB, the overnight cultures were washed with saline solution. Subsequently, the cultured bacteria were transferred to a serum bottle containing 10 mL of nutrient broth (NB) to reach a bacterial concentration of approximately 10 4 colony forming units (CFU)/mL. The pH of the medium was adjusted to 7 by using NaOH. Then, GO was used to prepare the medium. The film that contained a bacterial suspension was incubated at 37 ∘ C in the dark. Control samples that contained only GO and media were used as a reference. All of the samples were kept at room temperature. After 20 days, the samples were washed with saline and characterized.
This technique is different than that presented in the published work by Gurunathan et al. [8] , as this group produced graphene suspended in water and used a high temperature, while, herein, we report the production of graphene at room temperature.
2.3.
Characterization. XRD, Raman spectroscopy, SEM, and XPS were used to characterize the chemically and biotechnologically reduced graphene samples and to obtain information about chemical and surface changes.
X-Ray Diffraction (XRD)
. XRD patterns of the prepared graphite, graphene oxide, and graphene (both samples prepared using chemical and bacterial reduction methods) were analyzed using a powder X-ray diffractometer (Rigaku Miniflex 2 Desktop). The XRD patterns were recorded using Cu radiation at 30 kV, 15 mA, in the range of 2 = 5 ∘ -70 ∘ . The continuous scan mode was used, and 2 ∘ /min was used as the scan speed.
Raman Spectroscopy.
Raman spectroscopy was performed at room temperature using a confocal Raman microspectrometer (inVia Reflex, Renishaw) with different excitation lines (532 nm, 633 nm, and 785 nm). Without any pretreatment, the samples were measured directly and the laser power was ∼2 mW. The presented spectra were obtained as an average spectrum of 5 different parameters of each registration using a spectral range of 100-3500 cm −1 with 3 accumulations and an exposure time of 10 s.
X-Ray Photoelectron Spectroscopy (XPS)
Analysis. XPS analysis was performed using a Thermo Scientific K-Alpha XPS system with a micro focused monochromatic Al K Xray source (1486.6 eV). The constant analyzer energy mode and a pass energy of 200 eV survey were employed. The beam size was 400 m at 6 mA × 12 kV. The snapshot acquisition mode was used to collect narrow regions with a 150 eV pass energy, enabling the rapid collection of data (5 s per region).
Charge compensation was achieved with the system flood gun that provides low energy electrons (∼0 eV) and low energy argon ions (20 eV) from a single source. The argon partial pressure was 2 × 10 −7 mbar in the analysis chamber.
Morphological Analysis (Scanning Electron Microscopy (SEM)).
The morphological analyses of GO and graphene were carried out via scanning electron microscopy (Nova NanoSEM 450, FEI, USA), using a secondary electron detector. All samples were analyzed at several locations to identify characteristic and significant surface features.
Life Cycle Assessment (LCA).
Life cycle assessment was studied by GaBi software. This study was focused on the two methods of preparing graphene by the reduction of GO, which was produced from graphite (raw material). The functional unit is the procedure required to prepare 1 kg of graphene. The system boundaries are established according to the commonly used "cradle to gate" system; these boundaries involve the chemicals that are used for the perpetration. The process starts with graphite production and involves stirring, filtration, drying, sonication, and centrifugation of the samples obtained by the chemical reaction to produce graphene. The second process, biotechnological reduction, includes fewer preparation steps that can reduce the energy consumption, but this process consumes more water. The general scheme of the LCA system boundaries is shown in Figure 1 . The range of the system boundaries in this study uses Hummers' process as a baseline.
In Hummers' process, the graphite oxide is reduced by hydrazine, which is a chemical reduction. The biotechnological reduction employed caused the bacterial suspension to reduce the graphite oxide. Both methods will be compared, as the preparation steps are different from each other after the stirring step.
Results and Discussion
XRD Analysis.
The XRD patterns of graphite, graphene oxide, chemically reduced graphene, and graphene produced by E. coli are shown in Figure 2 . The XRD pattern of graphite in Figure 2 (a) shows a strong sharp diffraction peak at 2 = 26.56
∘ that corresponds to interlayer spacing of 3.35Å. The XRD spectrum of graphene oxide in Figure 2 (b) has a peak at 10.82 ∘ and corresponds to interlayer spacing of 8.17 A ∘ , which confirms the oxidation of graphene, and is significantly larger than that of graphite. This result is similar to reported values in the literature [11] . The increase in spacing is due to the formation of oxygen contacting functional groups between the graphite layers. Another peak appeared at 25.92
∘ with interlayer spacing of 3.434Å.
The peak at 10.82 ∘ is not shown in the XRD pattern of chemically produced graphene (Figure 2(c) ). The disappearance of this peak confirms the reduction of GO to graphene [11] . The presence of the broad peak at 24.96 ∘ in graphene indicates the presence of only a few layers of graphene [12] . This peak corresponds to the 002 plane of graphite with interlayer spacing of 3.56Å that is due to the removal of oxygen atoms that entered the graphite gallery during the intercalation process. This confirms the reduction of GO to graphene using a chemical reduction method. The reduction of GO with bacteria causes the disappearance of the peak at 10.82
∘ and a broad peak appears at approximately 24Å, as shown in Figure 2(d) . The interlayer spacing decreases, which suggests that exfoliation caused oxygen and water to be removed from the interlayer to a large extent [12] .
Raman Spectroscopy.
Raman spectroscopy is an important and simple method used to characterize the number of graphene layers produced. Graphene is generally characterized using Raman spectroscopy by studying two main features: the G-peak (approximately 1575 cm −1 ) and D-peak (approximately 1350 cm −1 ) that arise due to the graphitized structure and the local defects/disorders found at the edges of the graphene [13] , respectively. The Raman spectra of graphite and graphene oxide are shown in Figures 3(a) and  3(b) , respectively. Notable structural changes occur during the processing of GO. The Raman spectrum of the graphite, as expected, displays a prominent G-peak as its only feature at 1577 cm −1 , corresponding to the first-order scattering of the E2g mode [9] . The G-band broadens and shifts to 1604 cm
in the Raman spectrum of GO [14] .
In addition, the D-band at 1364 cm −1 becomes prominent and indicates a reduction in the size of the in-plane sp 2 domains, which is possible following extensive oxidation. Figures 3(c) and 3(d) show the Raman spectra of graphene, which were reduced by chemical reduction and bacterial reduction methods, respectively. The Raman spectrum of graphene has both G-and D-bands (approximately at 1584 and 1356 cm −1 , resp.); a new band at 2700 cm −1 is shown in Figures 3(c) and 3(d) . This band is called the 2D band, and it is observed only in graphene structures.
The ratio of I 2 /I of the intensity depends on the number of graphene layers. The ratio I 2 /I < 1 in both types of graphene, which indicates multilayer graphene production. The slight increase in this intensity for the biotechnologically produced graphene indicates a smaller number of graphene layers.
XPS Analysis.
XPS was used to confirm the chemical composition of the prepared samples. The XPS survey-scan spectra of all samples are shown in Figure 4 . The chemical compositions of GO and graphene samples that were prepared by the chemical reduction and the biotechnological reduction method are shown in Figure 4 . The spectrum of GO (Figure 4(a) ) was characterized predominantly by peaks centered at binding energies of 285 eV and 532 eV corresponding to C1s and O1s, respectively. The high resolution of the C1s peak was attributed to C-C (sp 2 , sp 3 , and - * ) as well as C-O, C=O, and O-C=O ( Figure 5(a) ). The GO contained the highest proportional content of oxygen compared to other samples. Moreover, small traces of the N1s, S2p, Cl2p, and Si2p peaks were presented in the GO spectrum as a result of some impurities introduced during sample preparation, which likely originated from the reaction environment or the chemicals used. The XPS was also used to confirm the reduction of GO, as shown in Figures 4(b) and 4(c) and in the high-resolution C1s spectra ( Figures  5(b) and 5(c) ), which were prepared by both the chemical and the biotechnological reduction methods. The intensity of the O1s peak decreased remarkably, indicating the successful removal of oxygen groups for both of the employed reduction methods. The largest reduction of GO was observed in the use of the chemical method, but the biotechnological method also confirmed a notable reduction effect. The production of graphene is likely accomplished due to the electron mediators involved [8] , but further studies are needed to elucidate the exact details and mechanisms of the production of graphene. Figures 6(a) and 6(b) show the SEM images of graphite and GO, respectively. SEM images of graphite show flaky shape and irregular, thicker platelets, which are present in the powder. SEM images of GO (Figure 6(b) ) show hexagonal shape and layered GO Journal of Nanomaterials flakes, which are smaller than graphite. Pi stacking led to the agglomeration of these flakes. SEM images of chemically reduced graphene (Figure 6(c) ) and biotechnologically reduced graphene (Figure 6(d) ) revealed that the graphene consists of thin randomly aggregated and crumpled sheets that are closely associated with each other and form a disordered solid. The appearances of the graphene sheet petals are observed to agglomerate, most likely because of their small size [15] . The surface of the graphene is not perfectly flat but contains wrinkles that give different levels of transparency. The layers cannot be clearly observed by SEM. However, the layers can be distinguished through the folded edge and graphene flakes are overlapped in the SEM image of graphene, which is produced by the chemical reduction method [16] . The SEM of biotechnologically reduced graphene also shows folded flakes and a smaller amount of aggregated material (Figure 6(d) ).
Scanning Electron Microscopy.
Life Cycle Impact Assessment (LCIA).
A life cycle impact assessment is the method used to explain the environmental impact of the produced graphene. Many factors, based on the inherent characteristics of chemicals involved in the sample preparation and information about transportation and exposure, can affect the production of graphene [17] . The life cycle impact assessment methodology based on the CML 2001 issue from Nov. 10 and developed by the Institute of Environmental Sciences in Leiden (Netherlands) is used in this study. The investigation of environmental impacts was broadened to include the selected impact categories from Table 1 . The evaluation of the environmental impacts for graphene produced by both (1) the chemical method and (2) the biotechnological method is shown in Figure 7 .
Life Cycle Interpretation and Discussion.
The objective of this study was to demonstrate the life cycle impacts of all processes and flows in order to establish the relative environment impacts of graphene production. Different impact categories were investigated for both methods, as shown in Figure 7 . The main difference between the two methods is the consumption of energy during each production process. The same process of waste management was applied for both methods.
Graphene production by chemical reduction is considered as a high energy consumption process due to the required heat and also because of the reaction of hydrazine hydrate (HH). In the case of the biotechnological reduction process, the energy consumption is less because the conversion process occurs at room temperature without supplying any additional energy. Arvidsson et al. [9] compared the LCA of the chemical reduction route and ultrasonication route for the graphene production, and they reported that high energy is required for the production of graphene prepared using the chemical reduction method. They reported that the energy used in the chemical reduction method is approximately twice that of the ultrasonication route because of heating processes that are required in the chemical reduction process.
We did not consider the ultrasonication procedure for use in preparing graphene in this study, as Arvidsson et al. [9] explained that the ultrasonication route has the largest impact (about three times the chemical method) on humans due to its toxicity.
In the present study, the energy used for the chemical reduction process is approximately 1642 Wh, which is higher than that in the biotechnological reduction process (5 Wh), as there is less electricity consumption.
Compared to other carbon materials such as CNT, the production of graphene by the chemical reduction method requires less energy [9] .
The impact of climate change is represented by the potential of global warming (GWP 100) for a time horizon of 100 years, which can be related to the resulting greenhouse emission from the electricity production. The electricity production and transportation can be considered a background system that is important in environmental evaluation but was excluded in some studies [9] . The foreground is the system of the investigated product. The current study includes both the background and the foreground. GWP 100 is changed by production via the biological method by 71% compared to the chemical method of production.
Another important environmental parameter is the acidification, which is dominated by the release of sulfur dioxide (SO 2 ), which has the same value produced through the production of graphene oxide. The HH production of the chemical reduction is the main reason for the increase in the acidification potential in this case as it causes the production of NO species. The reduction process by the microbial method has a lessened impact compared with the chemical reduction, as the production of NO does not occur.
Both the chemical and the biological methods have the same effect on the eutrophication potential, which is measured mainly by the amount of phosphorus as well as the amount of NO and NH 3 . This is due to the GO production effect, which is the same for both graphene production procedures.
The ozone depletion potential provides information about the ozone loss expected for the selected material. It causes a thinner stratospheric ozone layer. Both reduction methods have approximately the same value for the ozone depletion layer as the variables affecting the production of GO responsible for the depletion as well as for the waste management are the same. The abiotic depletion consists of the reduction of mineral and energy resources [17] . Biotechnological reduction has lessened abiotic depletion due to the decrease in consumption of fuel and electricity.
Both the chemical and the biotechnological methods have the same effect on the freshwater aquatic toxicity potential and the human toxicity potential, as the used variables are from similar sources (GO production and waste management process).
A slight increase in the marine aquatic ecotoxicity potential (MAETP) (7.6%) is due to the extra use of electricity in the chemical method. The main source for MATEP is the waste management process, which is the same for both production methods.
The photochemical ozone creation potential is measured by the volatile organic compounds that are emitted in the atmosphere. Slight improvement is noticed for the biotechnological production route due to the high energy consumption and use of the HH chemical in the chemical route of graphene production.
Terrestrial ecotoxicity, which is related to metals and metalloids, is approximately the same for the biotechnological and the chemical reduction of graphene due to the same source, which is, namely, the management process.
Conclusions
Heavily oxygenated graphene oxide was simply reduced to graphene by the following two methods: (1) a common chemical method and (2) a biotechnological method. XRD and Raman spectroscopy showed that the graphene produced by both methods was similar, with more layers produced by the chemical method compared to the biotechnological method. XPS confirmed the significant reduction of oxygen content from 29.2 at.% in graphene oxide to 4.5 at.% and 1.8 at.% in the method utilizing E. coli and the chemical method, respectively.
The formation of graphene by the biotechnological method proved to be more environmentally friendly, especially with respect to the following parameters: the potential of global warming (GWP 100), abiotic depletion, the photochemical ozone creation potential, and the marine aquatic ecotoxicity potential.
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